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ABSTRACT. Humanal anda?2 isoforms of Na,K-ATPase have been expressed with porcine 10*Histidine-
taggedsl subunit inPichia pastoris Methanol-induced expression @ is optimal at 20°C, whereas at
25 °C, which is optimal for expression afl, a2 is not expressed. Detergent-solub251 andoal151
complexes have been purified in a stable and functional sté#&@1 shows a somewhat lower Na,K-
ATPase activity and higheKosK compared toa11, while values ofKysNa andK,ATP are similar.
Ouabain inhibits botlw131 (Kos 24.6 £ 6 nM) anda281 (Kos 102 + 14 nM) with high affinity. A
striking difference between the isoforms is th&51 is unstable. Botle151 ando241 complexes, prepared
in C12Eg with an added phosphatidyl serine, are active,d281 is rapidly inactivated at 6C. Addition

of low concentrations of cholesterol with 1-stearoyl-2-olesiglycero-3-[phospha-serine] (SOPS)
stabilizes strongly, maintaining231 active up to two weeks atTC. By contrastp131 is stable at 0C
without added cholesterol. Bothl 31 anda251 complexes are stabilized by cholesterol af@7Human
FXYD1 spontaneously associates in vitro with eitbg31 or o251, to form al51/FXYD1 anda251/
FXYD1 complexes. The reconstituted FXYD1 protects hoij1 anda251 very strongly against thermal
inactivation. Instability ofx2 is attributable to suboptimal phophatidylseri@otein interactions. Residues
within TM8, TM9 and TM10, near theys subunit interface, may play an important role in differential
interactions of lipid withal ando2, and affect isoform stability. Possible physiological implications of
isoform interactions with phospholipids and FXYD1 are discussed.

Na,K-ATPase actively transports Na and K ions across isoforms show a tissue-specific and developmentally regu-
cell membranes and maintains the normal electrochemicallated pattern of expressioal is found in nearly all animal
gradients of the cations, which regulate fluid and electrolyte tissues and is the “housekeeping” isoform is expressed
balance. The Na,K-ATPase is also the receptor for cardiacin heart, skeletal and smooth muscle, brain (mainly astro-
glycosides which have been used for over two hundred yearscytes), adipocytes, eye and lung3 is found primarily in
to treat heart failure. More recently a signal transducing brain (mainly neurons), but also in human heartt is
function, which is triggered by binding of cardiac glycosides expressed in sperm. Th#&l isoform is expressed ubiqui-
and modulates cell growth, apoptosis and cell adhesion, hagously, 52 is found primarily in muscle and brain a8 in

been describedl( 2). a variety of tissuesa1, a2, a3 andj3l isoforms are expressed
The Na,K-ATPase consists of two subunitsandf, in in human heart12, 13).
anap heterodimeric complexx is the catalytic subunit, and a2 is of particular interest, as has become clear from a

contains the sites for ATP, Na, K, and Mg ions, and also |ong series of studies comparingl* -and a2*-haplo-

the sites for cardiac glycoside8<5). 8 is required for insufficient mice (full knock-out micex1~ anda2~'~ are
stabilization and transport af to the cell membraneg}, not viable), and effects of ouabain on mice wit8 or ol

and there is also evidence for involvement of theubunit  gpunits engineered to be insensitive or sensitive to ouabain,
in cell—cell adhesion and polarized expression of the pump yegpectively {4). Initial studies showed that botal and

in epithelial cells 7). The kinetic properties of the, a2 appeared to play different roles for cardiac and skeletal
heterodimer are modulated by association with FXYD pyscle contractioni, 16). Subsequent studies showed that
proteins, which are expressed in a tissue-specific fasBien ( poth o1 anda2 isoforms can mediate positive inotropy and

10). There are four known isoforms of the subunit @1,  pypertension, induced by cardiac glycosides, d2itseems
2, a3, anda4), which show about 85% sequence similarity, g plays a predominant role, even thoughis expressed at
and three known isoforms of thiesubunit 31, 52, and3), much lower levels tharxl (17—22). These studies also

which show about 43% sequence similaritg1X The  ghowed that the cardiac glycoside binding site plays a role
in blood pressure regulation, presumably by binding endog-
T This work was supported by grants from Minerva foundation and enous mammalian cardiac glycosi@,(23, 24). In smooth

g”: (Grant 922-165.9/2006), and by Altana (Nycomed), Konstanz, ,scle and astrocytas? is confined to microdomains on
ermany.
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ubiquitously distributed25—29). In cardiac myocytesy2

is more densely located in T-tubules than in the external
sarcolemma, by contrast withl, which is more evenly
distributed, andx2 carries most of the pump current in the
T-tubules proximal to the sarcoplasmic reticulud®{ 32).

It is thought that the reticulate distribution @f2, and
proximity to the other proteins involved in Ca signaling,
allows efficient participation ofx2 in Ca signaling within
the sarcoplasmic (endoplasmic) reticulum, without alteration
of bulk cytoplasmic Na and Ca concentratiog,(33—35).

An unrelated but significant finding concerning huma?

is that a number of missense mutations are involved in
familial hemiplegic migraine (FHN), a rare but severe
autosomal dominant subtype of migraine with aura. The
majority of FHM families have a mutation in a voltage-

Lifshitz et al.

proposed to bind specifically to the protein, and to each other,
near theaf subunit interface, and stabilize the subunit
interaction 42, 43). Approximately -2 mg quantities of
the purified and stable131 complexes can be prepared
conveniently, making these preparations suitable for crystal-
lization trials and detailed functional and other biochemical
and biophysical studies.

Purification of thea2 isoform, which is the objective of
this paper, has not been achieved previously, and could be
important for detailed study af2-specific functional proper-
ties, pharmacological profiles with cardiac glycosides and
interactions with other proteins. Because the humdn
porcinef1 complex has been purified in a stable and active
form, it seemed that purification of humar? porcinef1
complex might be readily achieved. However, it quickly

sensitive Ca channel, but about 25% of FHM cases (type 2) hecame clear that2 is unstable, as suggested also by low

are attributed to mutations w2, which cause alterations in
active Na and K transpor8g, 37).

Isoforms of theo. subunit have been expressed in various
cells and the enzymatic properties studied [reviewEl](
Humanal, a2, andoa3 isoforms have been expressed in
Xenopus oocytestogether with1, 2 or 3 isoforms,
producing nine combinations in all3§). In the yeast
Saccharomyces cerisiae a1, a2 and a3 have been ex-
pressed with3l, buto2 was expressed at low levels, due
apparently to instability 39). The transport and ouabain

expression irS. cereisiae (39). Thus, the major challenge
has been to understand the reason for instability, and utilize
the knowledge to stabilize the protein. Interactions with lipids
(PS and cholesterol) have been found to be the key factor in
determining stability ofx2, as found previously with.1 (42,

43), althougho2 shows qualitatively different lipidprotein
interactions. Another important route to stabilizing the protein
involves specific interactions with FXYD2(10). FXYD1

is the principal FXYD protein expressed in heart and skeletal
muscle, and is the substrate for both PKA and PKC

binding properties of the recombinant proteins have been phosphorylation. There is much current interest in functional

studied in some detail. For exampleXenopus oocyteshe
turnover rates are lower atd s K activation are somewhat
higher fora2 compared ta1 (38). All three human isoforms
bind ouabain with a high affinity38—40), but o2 shows

effects of FXYD1 and effects of phosphorylation, in a variety
of experimental systems. An initial publication from this
laboratory described functional effects of FXYD1 on the
purified porcineal81l complex purified fromP. pastoris

much faster rates of association and dissociation than either(46). The present work describes a phenomenon of stabiliza-

al or a3 (38). We have reported functional expression of
both porcine and humaml with porcinef1 in the metha-
notrophic yeasPichia pastoris(41—43), and a preliminary
statement on expression of humaa with porcingsl (44).
Humana3 andpl have also been expressedAnpastoris
(45).

Recently, we have described purification of detergent-
soluble porcinex131 and humaml porcine1l complexes
expressed inP. pastoris (42, 43. In the most recent
development 8690% pure and activel51 complexes, in
either DDM or G2Eg, have been obtained in a single step

(43). A crucial feature was the necessity to add phosphatidyl

serines (PS) in order to maintain stability of the proteins,

which was undermined by detergent-mediated delipidation.

Most recently, selectivity studies, using different phosphatidyl
serines, showed that stability was maintained best by SOP
an asymmetric phosphatidyl serine with stearoyl and oleoyl
fatty acid at sn1 and sn2 positions, respectively. Strikingly
also, low concentrations of cholesterol conferred strong
additional stabilization in the presence of SOPS, when
examined at 37C. At 0 °C thea 131 complexes are stable

tion by FXYD1 and, in particular, focuses on the question
whether both humanl anda?2 isoforms are stabilized by
FXYDL1. Possible isoform selectivity was of interest, because
there are some discrepancies between different studies as to
whether FXYD1 regulates2 as well asal (30, 47). The
result of this work is that a purified, active and stable,
preparation o121 has been obtained, and also new insights
into interactions ofol and a2 isoforms with lipids and
FXYD1, and the relations between these phenomena.

EXPERIMENTAL PROCEDURES

Yeast MediaYPD: 1% Bacto yeast extract, 2% bacto-
peptone, 2% dextrose, to solidify the medium 2% Bacto-
agar were added. YNB: 1.34% yeast nitrogen base without

mino acids, 0.04% biotin, 1% glycerol. BMG: 1.34% yeast
nitrogen base without amino acids [Difco, Kansas City],
0.04% biotin, 0.1 M potassium phosphate buffer pH 6.0;
glycerol 1-3%. BMM: 1.34% yeast nitrogen base without
amino acids, 0.04% biotin, 0.5% methanol, 0.1 M potassium
phosphate buffer pH 6.0.

even without cholesterol. The PS and cholesterol were Construction of Plasmids for the Expression of Human

1 Abbreviations: FHM, familial hemiplegic migraine; DDM;dode-
cyl-5-p-maltoside; G.Es, octaethylene glycol monodecyl ether: HPLC,
high performance liquid chromatography; Endo-H, endoglycosidase H;
Ni-NTA, nickel-trinitriloacetic acid; EDTA, ethylene diamine tetraacetic
acid; PS, phosphatidyl serine; DOPS, 1,2-diolemyglycero-3-[phos-
pho+-serine]; DOPC, 1,2-dioleoydnglycero-3-phosphocholine; SOPS,
1-stearoyl-2-oleoybn-glycero-3-[phospha-serine]; cmc, critical mi-
celle concentration.

ol or a2 with Porcine1, and Expression of Human FXYDL1.
A pHIL-D2 vector (Invitrogen) construct containing cDNAs
encoding porcinenl (accession X03938) and porcipd
(accession no. X04635) with a 10xhistidine tag at its N
terminus @ 1/His;¢* 51) has been described previoushp).
Humanal (accession X04297) in vector pNKS2 and human
o2 (accession NM.000702) in vector pSD5 were a gift from
K. Geering, Univ. Lausanne, Switzerland. The coding regions
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were excised withXba and subcloned into the pHIL-D2
plasmid (1/His¢*31) thus replacing the porcinel insert
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containing imidazole, 150 mM. The eluted protein was stored
at 0 °C. Phospholipids dissolved in chloroform were dried

by the human orthologues and producing the constructsin a stream of nitrogen and dissolved at 5 mg/mL iEg

pHIL-D2(humanal/porcine Hige-51) and pHIL-D2(human
a2/porcine Higg-(1), respectively. Proper insertion and

10 mg/mL or DDM 20 mg/mL. Cholesterol was dissolved
at 0.1 mg/mL in 1 mg/mL GEg or DDM 2 mg/mL.

orientation has been verified by sequencing. Human FXYD1 The protein concentration of thel/1 anda2/61 com-
(accession H23593) was subcloned into the pHIL-D2 vector plexes was determined by comparing Coomassie stain of the

Yeast Transformation, Selection and GrowiViD1165,
a protease deficient strain (his4, prbl) Bf pastoriswas
transformed with 1(«g of Notl linearized pHIL-D2 (human
al/porcine Hisg* 31 or humana2/porcine Higg*51) con-
structs. Preparation of spheroplasts and selection fof, His

oo subunit with that of a standard amount of pig kidney

Na',K*-ATPase. We have shown recently that this method
overestimates the true protein concentration by 2-fold due
to a difference in the purity of the test (recombinant ca. 80%
pure) and standard (renal ca. 40% purd®)( Specific

Mut® transformants and dot blot analysis, to screen for activities are calculated on the basis of the correct protein
maximal copy number, was done according to the Invitrogen concentration.

manual (Version F) and described previousl,(42).
Following transformation, approximately 26800 His
prototrophs were replica plated on MM (1.34% YNB x4
10°% biotin, 0.5% methanol, 2% agar) and MD (1.34%
YNB, 4 x 10°% biotin, 2% dextrose, 2% agar) plates for
screening of Mut(methanol utilization slow) clones.
Candidate Mutclones were inoculated in 5 mL of fresh
BMG broth, with vigorous shaking at 28 (al) or 20°C

In Vitro Reconstitution oft151/FXYD1 andx251/FXYD1
ComplexesMembranes expressing human FXYD1 were
solubilized at 0°C for 5 min in DDM (DDM:protein, 2:1
w/w), and concentrated by ultrafiltration (Centriprep YM-
30 cat. No. 4322 by Amicon, Millipore) at 15@0or 2 h at
4 °C. The retentate fraction containing FXYD1 in micelles
was then incubated overnight af@ with BD-Talon beads
prebound with the131 ora231 complex, as describedq).

(a2), 0.5% methanol was added daily for 5 days. Cells were The a/FXYD1 complexes formed was then eluted as
pelleted and membranes prepared as described below talescribed above.

identify the clones expressing the highest protein level of

humanal, ora2. Standadt 3 L cell cultures were grown in
a Bellco spinner flask, with methanol induction of NE*-
ATPase expression, as described previoudB),(using a
controlled temperature of either 2& (al) or 20°C (a.2),

respectively. The cultures reached an OD600 of ca. 25.

representing about 75 g/3l.
The pHIL-D2 vector containing human FXYD1 was used

SDS-PAGE, Immunoblots, Size Exclusion HPI2Z.5 ug
of recombinant enzyme or 44g of yeast membranes was
separated on 7.5%, or 10% polyacrylamide SOOcine
gels @9). Gels were stained with Coomassie, scanned with
an imaging densitometer (GS-690, BioRad) and analyzed

,using the Multi-analyst software (BioRad). Immunoblots

were blotted with anti-KETYY antibody that recognizes the
C-terminus of thex subunit, or with antjs antibodies raised

to transform spheroplasts of SMD1165 and His4 andsMut against the extracellular domain of the subunit 60).
clones were selected. Dot blot analysis was done to scan forlFXYD1 was detected with an anti-FXYD1 antibody raised

optimal DNA copy number integration of FXYD1 (as
described in 46)P. pastorisclones maximally expressing
human FXYD1 (withouto,3) were used foin vitro recon-
stitution experiments.

Membrane Preparations. P. pastoreells were broken

against the C-terminal sequence CRSSIRRLSTRRE. (
Size exclusion HPLC was done using a Superdex 200
column (300x 10 mm) (Amersham Pharmacia Biotech) and
Ettan LC chromatography system.-5000 ug of purified
recombinant Na,K-ATPase complexes was injected onto the

with glass beads and urea-treated membranes were preparecblumn in a running medium containing NaCl 150 mM,

as described in4Q). Roughy 1 g of membrane protein was
obtained per 100 g of cells. Pig kidney NK"-ATPase was
prepared as described iAg).

Purification of a1l and o231 Complexes (43)Mem-
branes expressing humed/porcine Hisg* 1 or humar2/
porcine Hisg* 1 were homogenized at® for 5 min with
DDM, at a ratio of DDM:protein of 2:1 w/w, in a medium
containing NaCl, 250 mM; Tricine-HCI, 20 mM pH 7.4;
imidazole, 5 mM; PMSF, 0.5 mM; and glycerol, 10%. The
DDM was at 2 mg/mL and protein 1 mg/mL. The unsolu-
bilized material was removed by ultracentrifugation. EDTA
was added at 50M. The DDM-solubilized membranes were
then incubated overnight at 4C with BD Talon (C&*-
chelate) beads, at a ratio of 10Q beads per supernatant

HEPES 50 mM pH 7.4, GEg 0.1 mg/mL The protein was
eluted at 0.5 mL/min, in a medium containing NaCl, 150
mM; Na'-HEPES, 50 mM pH 7.4; GEs 0.1 mg/mL @2,
43).

Na" K"-ATPase Assays. Measurement of Thermal Stabil-
ity. Nat,K*-ATPase assays at 3T on the purified enzyme
were performed as described #il(43). 1 uL of recombi-
nant enzyme~£0.2—0.6ug of protein) was added to 100
of the standard reaction medium containing 1 mM ATP
[y-32P-ATP]; NaCl, 130 mM; KCI, 20 mM; MgGl 3 mM;
Histidine, 30 mM pH 7.4; EGTA, 1 mM. For measurement
of kinetic parameters the concentrations of ATP, Na or K
were varied at constant ionic strength balanced with choline
chloride. For measurement &b s Na the Na concentration

from 10 mg of membranes. The beads were washed twicewas varied with 150 mM (N&- choline) and 100 mM KCI.

for 5 min at 0°C with gentle mixing and aspiration of five

equivalent volumes of a solution containing NaCl, 100 mM;

Tricine*HCI, 20 mM pH 7.4; G.Eg, 0.1 mg/mL; DOPS or

Some experiments were done with a colorimetric assay using
malachite green dye to detect the phosphomolybdate (P
Color Lock, Innova Biosciencesy?P-release (or Release

SOPS 0.05 mg/mL or other lipids and cholesterol at 0.01 in the colorimetric assay) was usually measured in duplicate

mg/mL, as indicated; glycerol, 25%, and imidazole, 10 mM.

Protein was eluted by mixing the beads for 60 min &C0

at three time points over 3.5 min. The rate of NgK*-
ATPase activity was calculated from the linear slap&E

with one equivalent volume of the same washing buffer (range of SE +10%) (see for example Figure 4).
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Rates of ATP hydrolysis at different Naor K* (X)
concentrations were fitted to the functien= Vpma{X] "/

([X] "™ +Ko ™M), Ko 5 is the concentration of cation required
for half-maximal stimulation of ATP hydrolysis and nH is
the Hill coefficient. The functionv = VmaJATP)/([ATP]
+Km) was used to fit curves at different ATP concentrations.
The data for individual experiments was fitted to the
functions, and values af'VmaxWere calculated. Then values
of v/Vmax for replicate experiments were averaged for each
Na", KT, or ATP concentration, and the best-fit average
parametersKos = SE, nH £ SE or K, £ SE were
recalculated.

Inhibition by ouabain was evaluated by adding the inhibitor
to the reaction medium just prior to addition of protein. ATP
hydrolysis was measured at 3 over 60 min. Values of
the ratest SE were used to calculate the ratif, at each
ouabain concentration. Average valuesvhf, for replicate
experiments were calculated akgls + SE was obtained by
fitting the data ta/vo = Ko g/([ouabain[+ Ko5). Kaleidagraph
version 3.51 (Synergy Software) was used for fitting all
experimental data to kinetic functions.

For measurement of thermal stability &t©, aliquots were
removed from the protein stored at°C (over days) and
Na",K*-ATPase activity was measured at 7. Otherwise,
the protein was incubated at the indicated temperatures
(usually 37°C), and aliquots (510uL) were removed after
the indicated times (usually in minutes over 2 h) to ice-cold
tubes containing 1@L of the reaction medium. At the end
of the incubation, aliquots were taken for measurement of
Na",K*-ATPase activity at 37C. In some thermal inactiva-

tion experiments the samples were assayed in duplicate for

one time (10 or 15 min), with values differing by less than

ten percent. For these experiments error bars do not appear

(e.g Figures 6 and 9).

Ouabain bindingo yeast membranes usintiHfouabain]
were done in triplicate in the conditions described in B (
The binding was done at a single concentration of 400 nM
ouabain, which was assumed to be saturating, in order to
measure the maximal binding capacity.

Materials. Escherichia colDH5a was used for propaga-
tion and preparation of various plasmid construetastoris
strain SMD1165 (his4, prbl) was used for transformation.
Yeast Lytic Enzyme ICN Biomedicals Inc, cat. No. 152270
was used for DNA dot blots. BD Talon metal affinity resin
(cat. No. 635503) was purchased from Clontaedpdecyl-
f-D-maltopyranoside, ANAGRADE (cat. No. D310); octa-
ethylene glycol monododecyl ether, ANAGRADE 1(Es)
(25% W/W) (cat. No. O330) were from Anatrace. Synthetic
lipids: 1,2-dioleoylsnglycero-3-(phospha-derine) (sodium
salt) (DOPS cat. No. 830035); 1-stearoyl-2-olesyglycero-
3-(phospha--serine) (sodium salt) (SOPS cat. No. 840039);
1,2-dioleoylsn-glycero-3-phosphocholine (DOPC, cat. No.
850375), were obtained from Avanti and stored as chloro-
form solutions. Cholesterol was purchased from Sigig]{
ATP and PH]-ouabain were from Amersham. FXYD1
ultrafiltration was done by Centriprep YM-30 cat. No. 4322
obtained from Amicon, Millipore. All other materials were
of analytical grade.

RESULTS

Expression and Purification af251. The humarol and
o2 isoform cDNA'’s were cloned into the pHIL-D2 vector

Lifshitz et al.

A.
ho2 clone A
15°C 20°C 25°C VEC A

B. c.
ha2 clones
B C D

Ficure 1: Expression ofx2 in P. pastorisat 20°C. Detection of
the a subunit expressed in membranes with immunoblots probed
using an antibody against the C-terminal residuestbfand o2
(anti-KETYY). (A) a2 clone grown at 15, 20, and 25C,
respectively. (B) Separate Mutlones grown at 20°C. (C)
Comparison of expression of humari ando2 and porcinexl
grown in 3 L spinner bottles.
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Ficure 2: Thermal stability of ouabain binding @1 andoa?2 in

P. pastorismembranes. Membranes expressind or a2 were
incubated for the indicated times at either &7 (A) or 45°C (B),

and therfH-ouabain binding was measured. The maximal capacities
for ouabain binding, measured at 400 nM ouabain, were 19 pmol/
mg for al and 15 pmol/mg fon2.

containing the pig His1@1 cDNA, and the resulting vectors,
containing humanal porcine 51 (al11) or humana?2
porcinel (a241), under the AOX1 promoter, were used
to transform the SMD1165 protease-deficient strainPof
pastoris His, and Mut strains were isolated, as described
previously @1—43). Initially Muts clones were grown at
25 °C, a temperature optimal for expression of porairie
(412). At 25 °C, humanal showed high expression as found
for porcineal, but humarm2 showed no expression (Figure
1A, lane 3). Previously, unstable mutants of the subunit
have been expressed at reduced temperat®®s $ince
humanao?2 is expressed i%. cereisiae at low levels and is
unstable 89), Mut® clones expressing2 were also grown
at 15°C and 20°C. Indeed, at 20C, some expression of
o2 was observed, and less at L5 (Figure 1A, lanes 1 and
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Ficure 5: Stabilization ofa21 at 0 °C by cholesterol in the
presence of DOPS1151 anda231 complexes were prepared in
standard conditions with 0.1 mg/mL $Es, and 0.05 mg/mL DOPS,
without or with 0.01 mg/mL cholesterol. The protein was stored
onice, Na,K-ATPase activity (rate SE) at 37°C was determined
at the indicated times up to 9 days, and the percent of cottrol
SE was calculated.

Ficure 3: Purification ofa131 anda251 complexes. Coomassie
stained gels of porcine1$1, humanol porcinefl, or humam?2
porcinef1 complexes. PKE, pig kidney Na,K-ATPase.
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Ficure 4: Time-course of Na,K-ATPase activity afif1 ando21 3 140
complexes without and with added DOP$£E;. 32P release was 2 120 al/B1-SOPS/cholesterol
measured over 15 min without or with addegy, 0.1 mg/mL & aﬁ_\'—”_‘
plus DOPS 0.05 mg/mL in the reaction medium, as indicated (see < wof N
Experimental Procedures). Y 8ol X
2 e \
2). Other experiments showed that maximal expression was :CZU ' M
achieved already on the first day of expression following 40 Ay
methanol induction. Further screening (Figure 1B) of Mut 2| op1.SOPS/cholesterdl~~_
transformants, grown at 20C, revealed clones, which ™
expressed humam?2 at much higher levels (compare clones °n‘ e e e
B and D with clone A). Clones B and D were grown in small Time at 37°C- min.

volumes and Na,K-ATPase activity and specific ouabain FIGURE 6: Stabilization ofi131 anda231 at 37°C by cholesterol

binding were measured on membranes (data not shown). Then the presence of DOPS or SOREA1 anda281 complexes were

specific ouabain binding far2-clones, B and D, was 15.24  prepared in standard conditions with 0.1 mg/mi.&g, and (A)

and 6.33 pmol/mg protein, respectively, compared to 19.82 (()é())% fgg/nr:l-m?l?ggb Vs\liwg#tooélwri;h/%Elc&?égtrgrﬁl_ﬁztefgt eoi:\

D el i oo a1 o e i e, N TP
2 A : activity was measured at 3T for each time point in duplicate,

1C shows similar expression levels of the hura@yhuman and the percent of control was calculated.

al and pigal grown n 3 L culture spinner bottles. The

membranes isolated from these clones also cross-reacted witinembranes expressingl and a2 allowed calculation of

an antig antibody (data not shown), showing the presence turnover numbers. The range forl31l was 4226-7200

of the two bands described previously (see also Figure 3),min~%, and in two experiments the values fa31 were

and indicating parallel expression of the humah or a2 2449 and 3482 mirt (average 2965 mir).

subunits and the porcine His51 subunits. Comparison of The thermal stability of the maturel anda?2 proteins

the Na,K-ATPase activity at 37C and ouabain binding of ~ was tested by incubating membranes isolated fronothe
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SOPS, respectively. Na,K-ATPase activity was measured im- Time a1 45°C- minutes
mediately after elution from the beads or afi€7 min preincubation C
at 37°C. Na,K-ATPase activities SE were estimated from slopes st T a2/B1/ FXYDI
of the regression lines for; Release (colorimetric assay). The Na,K- 120 . {SOPS cholesterol)
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FXYDI . FiGure 9: Stabilization ofalfl and o281 by FXYDI1. alfl
complex was prepared with 0.1 mg/mL£g, and (A) 0.05 mg/

mL DOPS or (B, C) 0.05 mg/mL SOPS with 0.01 mg/mL
FIGURE 8: In vitro reconstitution ofal31/FXYD1 and 0251/ cholesterolazf31 complex was prepared with 0.05 mg/mL SOPS

PP ; ith 0.01 mg/mL cholesterol. Portions of thelf1l and o251
FXYD1 complexes. Reconstitution afl31 anda281 with FXYD1 wit L Mg : . ;
was done as described in the Experimental Procedures. The figuréPréparations were reconstituted with FXYD1. The protein com-

i ; . plexes were incubated for the indicated times atG7(A, C) or
?((:)pg:rtsam?;t;(n\?gIft;n(i;‘beolgggg.complexes probed with anti-KETTY 45 °C (B). Na,K-ATPase activity was then measured at@7or

each time point in duplicate, and the percent of control was

. calculated.
anda2-clones for upa 6 h at 37°C, and then measuring

oubain binding. As seen in Figure 2A, the ouabain binding porcine1 complex were comparable to those obtained for
capacity of both of thet1- andoa2-clones was quite stable gl porcinea151 and humaml porcinefl. The~90 kDa
over 6 h at 37°C. The temperature of the preincubation pand seen below the subunit in some preparations is a

medium was then increased further to 46. At this  minor contaminant and can be removed by raising the EDTA
temperature the ouabain binding capacity@ffell progres- concentration in the binding buffer.
sively over 24 h, while that of.1 was unaffected (Figure Functional Properties of Purified151 anda251 Com-

2B). This result indicates thati2 is intrinsically less  plexesA phosphatidyl serine must be added to the purified

therma”y Stable thamll, although bOth membrane'bound recombinant NayK-ATPase (porcirmlﬁl or humanaol

proteins are remarkably stable by comparison with the porcine1) in order to stabilize the proteid?), and recent

temperature-sensitivity of expression in the whole cells, or work shows that the asymmetric SOPS is optindd) (As

the purified detergent-soluble proteins, described below.  gjiscussed extensively below231 is much less stable than
Membranes, prepared from cells expressi2gin Figure o151 but, when prepared with SOPS/cholesterol, the purified

1C, were used to purify the humat2 porcinef1 complex, o241 is stabilized.

using the improved one-step procedure described recently The availability of stablealf1l and o251 complexes,

for purification of the all porcineal51 and humanal prepared with SOPS/cholesterol, has permitted comparison

porcine1 complexes43) (see Figure 3). DDM is used for ~ of the functional properties, and inhibition by ouabain,

solubilization of membranes, but either,Eg or DDM with presented in Table 1. The Na,K-ATPase activityodfs1

an added phosphatidyl serine can be used for elution of theand 0281 complexes prepared with SOPS/cholesterol was

protein from the BD-Talon beads. As seen in Figure 3 (lane measured at 37C in conditions of maximal activity, and at

4), the humana2 subunit was eluted together with the varying ATP, Na and K concentrations. Two significant

porcinef1 subunits, expressed as two bands, similar to the differences were found between the isoforms. First\Mhg

all porcinea131 and humarl porcine1 complexes42, of a261 (range 6-10 umol/mg/min) was nearly always

43). The purity and protein concentrations of the human lower than that oft131 (range 8-16 umol/mg/min). Second,
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Table 1: Kinetic Parameters of Na,K-ATPase Activity of Purifietj31 anda251 Complexe$

Vinax KnATP + SE KosNa, ny + SE KosK™, ny = SE Ko.s ouabaint SE
umol/min/mg (uM) (mM) (mM) (nM)
range (n=23) (n=9) (n=4) (n=23)
alfl 8-16 222.6+ 30.1 16.8+ 0.89 1.25+0.03 246+ 6
ny1.6+0.11 ny 1.91+ 0.08
o261 6—-10 191.1+ 33.8 15.7+ 0.7 2.30+0.11 102+ 14
ny1.514+0.8 ny 1.95+ 0.14

2 The Vmax values represent the range of specific activities observed in many experimentgs 2year period. The values forKNa", Kos K*
andK,ATP were obtained by fitting the average valuesffnax to the functions [X1H/([X] ™ 4+ Ko &™) (X = Na, or K) or [ATP)/([ATP] + Km)
respectively. For inhibition by ouabaiky s values were obtained by fitting average valuesiof to the functionKo s/([ouabain]+ Ko s).

the Ko s of K for 0251 (2.30+ 0.11 mM) was about double
that for 151 (1.254+ 0.03 mM). The kinetic parameters
for activation by ATP and Na ions were not different between
the 141 anda2p81 complexes. Inhibition by ouabain was

Figures 5 and 6 compare stability afif1 anda251 in
different conditions and means to stabilize ¢t251 complex.
Figure 5 shows that upon storage of 251 complex at
0 °C in the elution conditions used previously for purification

assessed by adding the inhibitor directly to the Na,K-ATPase of a151 (0.1 mg/mL G:Eg and 0.05 mg/mL DOPS), the

reaction medium at 37C (Table 1). Ouabain inhibited both
isoforms at low concentrations, with slight selectivity toward
al1p1 (Kos24.6+ 6 nM) compared t@281 (Kos 102+ 14
nM). An important feature of such experiments is that the
reaction time must be sufficiently long for the inhibitor to
fully equilibrate with the protein. Control experiments

Na,K-ATPase activity is lost with a half-time of-12 days.
Due to this instability, the purified261 complex cannot

be stored and studied systematically in these conditions.
However, the crucial observation is that addition of a low
concentration of cholesterol to the DOPS preserved activity
of a241 stored at OC for up to 9 days. Other experiments

showed that, at any concentration of ouabain, the degree ofshowed that 0.01 mg/mL cholesterol sufficed for a maximal

inhibition of 151 was constant only after 40 min, whereas
inhibition of 241 was constant even after 10 min. Indeed,
Kos values for inhibition by ouabain over 10 and 60 min
reaction times, respectively, were 46070 (n = 10) versus
24.6+ 6 nM (n = 3) for alp1, and 98+ 9 (n = 5) versus
102+ 14 nM (nh = 3) for a261. Thus, 60 min reaction times
were used for all inhibition experiments. The difference
between humanl anda? reflects a more rapid equilibration
of ouabain witha2, as documented previously in direct
ouabain binding assay8§).

Instability of Purified ofa281. Stabilization by SOPS
and CholesterolAlthough thea11 anda281 complexes
eluted in the conditions of Figure 3 (0.1 mg/mbL.Es/and
0.05 mg/mL DOPS) were both active immediately after
elution, it soon became clear that tle251 complex is
easily inactivated. In an initial indication, we tested whether
it is necessary to add DOPS dissolved inkg to the Na,K-

stabilizing effect. Note that, by contrast, the Na,K-ATPase
activity of thea151 prepared with DOPS is stable afG

and thus no additional stabilization by cholesterol is detect-
able (confirming an observation id3)). Although choles-
terol is not required to preserve activity of humahporcine

p1 or of all porcineal1 at 0°C, addition of cholesterol
together with DOPS strongly stabilizes the porcings1
complex at 37°C (43). Figure 6A confirms the strong
stabilizing effect of cholesterol at 3T on thea131. Figure

6A also shows thai241 complex prepared with DOPS alone
was very rapidly inactivated at 37C (ty> 1—2 min) and,
again, cholesterol protected significantly,{ca. 10 min).
Other lipid combinations such as DOPC and DOPC/
cholesterol have also been looked at, but are much less
effective stabilizers than DOPS/cholesterol (not shown). The
asymmetric SOPS stabilizes both all porciog31l and
humanal porcinefl significantly better than the symmetric
DOPS @3), and a similar difference has also been observed

and lipid are all diluted about 100-fold into the reaction
medium and, in the absence of added.HgDOPS,
ATP hydrolysis of both131 anda231 was linear over time.
This shows that both151 anda251 are stable at 37C in
these conditions. Addition of £Eg/DOPS had little or no
effect on the Na,K-ATPase activity ai1l31. Since both
the detergent and lipid are diluted about 100-fold, to a
concentration below the cmc of14s, maintenance of
Na,K-ATPase activity has the important implication that
DOPS is still bound to the protein, as discussed pre-
viously (42, 43). By contrast to the lack of effect on
alp1, addition of G,Eg/DOPS to the reaction medium
completely inactivated thex281 complex. The experi-
ment in Figure 4 clearly suggests that 251 complex

is sensitive to the detergent. Rapid inactivation by the
Ci2Es was also demonstrated directly by comparing the
thermal stability when eluted in media containing a fixed
concentration of DOPS and varying concentrations gE¢
(not shown).

6B shows that the combination of SOPS/cholesterol stabilizes
o251 significantly better at 37°C than does DOPS/
cholesterol (compare thtg, of 30—40 min witht;;, ca. 10
min, seen in Figure 6A). It is also seen that, by comparison
with a281, the a1l complex prepared with SOPS/
cholesterol is even more stable, the activity being preserved
intact over 80 min at 37C. In other experiments it was
shown thato251, prepared with SOPS/cholesterol, loses
activity at 0°C with a half-time of about 20 days, and also
that the plant sterol ergosterol is much less effective than
cholesterol (not shown). Thus, SOPS/cholesterol is the
optimal lipid combination for storage and stabilization of
a2p1. When both isoforms are prepared with SOPS/
cholesterol, systematic study @31 and comparison with
o131 becomes possible.

Figure 7 provides a direct demonstration that the different
stabilities of a1l and o281 at 37 °C are related to a
difference in interaction with SOPS. Each isoform was
prepared with 0.1 mg/mL Eg, 0.01 mg/mL cholesterol and
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140 the specific antibodies, suggesting again that FXYD1 binds

stoichiometrically to bottw131 anda251 complexes.

Figure 9 compared the thermal stability ai31 with
a151/FXYD1 anda2f1 with a261/FXYD1 complexes. As
seen in Figure 9A thet151 complex prepared in 0.1 mg/
mL C,,E¢/ 0.05 mg/mL DOPS was progressively inactivated
at 37 °C, while that ofa11/FXYD1 was fully preserved
during tre 2 h incubation. Since SOPS/cholesterol is itself
strongly stabilizing, by comparison with the DOPS, it was
of interest whether the FXYD1 would further stabilia&s1/
FXYD1 prepared with SOPS/cholesterol. Thds1 and
alp1/FXYD1 complexes were prepared in the presence of
0.04 mg/mL SOPS and 0.01 mg/mL cholesterol 0.08 mg/
mL C;2Es, and were both found to be fully active after 160
min of preincubation at 37C (not shown). Thus, in order
to test a possible additional stabilizing effect of FXYDL1 the

al/pl/

Fi

120 FXYD1

100

al/pl

Na K-ATPase activity V/V, . percent
3

0.05 0.075 0.1

DOPS (mg/ml)

Ficure 10: Dependence of Na,K-ATPase activity @131 and ; in i
1B1/FXYD1 on added DOPS. ThelB1 complex was or was temperature was raised 46. As seen in Figure 9B, at £&

not reconstituted with FXYD1. The BD-Talon beads were then about 75% of the Na,K-ATPase activity ofl51 was lost

washed and the protein complexes were eluted in buffers containinga@fter 100 min while activity ofa1f1/FXYD1 was fully
0.1 mg/mL G;Eg and 0-0.1 mg/mL of DOPS. The Na,K-ATPase  preserved even after 150 min preincubation at@5Finally,

activity was measured for each preparation, the vai(® s as seen in Figure 9C, FXYD1 also strongly stabiliz@81.
Ca"l?”'ated’ and then average values/obos & SE calculated for - g 281 complex prepared in SOPS/cholesterol lost about
replicate experimentsi(= 4-7). 80% of its Na,K-ATPase activity during a 60 min incubation
at 37°C, while activity of the reconstituted251/FXYD1
varying concentrations of SOPS between 0 and 0.1 mg/mL.was largely preserved. To summarize, stabilization by
The Na,K-ATPase activity was then measured immediately FXYD1 does not seem to hel- or a2-specific, since both
after elution of the complexes at @, or after a prior alf1 ando2B1 complexes are strongly protected against
incubation at 37C. The result is quite clear-cut in that the thermal inactivation.
dependence of activity on SOPS concentration is correlated  An important clue to the mechanism of the stabilizing
with stability. At 0 °C, both isoforms are stable in the effect of FXYD1 was obtained in the experiment depicted
presence of cholesterol (Figure 5) and the dependencies onn Figure 10. The controti131 complex or reconstituted
SOPS concentration are similar, with a slightly higher ¢151/FXYD1 complexes were eluted from BD-Talon beads
“apparent affinity” for a11. However, after a 37°C in the presence of different concentrations of DOPS (0, 0.01,
incubation, the curve for2f31 is strongly shifted to the right, 0,025, 0.05 and 0.1 mg/mL DOPS dissolved in 0.1 mg/mL
while that fora131 is shifted somewhat to the left. The result C12Es). The results are presented as the ratio of rates at each
is a large difference of “apparent affinity” betweer11 lipid concentration compared to that at 0.05 mg/mL, as a
andaZﬂl, ShOng that much hlgher concentrations of SOPS percentage’ and represent averagﬁEM of 4—7 experi-
are required to proteat2$1 against thermal inactivation at  ments. Consistent with the previous observation, Figure 10
37 °C, compared tax1p1. This finding is quite consistent  shows that11 is inactive in the absence of an added PS,
with the large absolute difference in stability @151 and  and the activity of the complex increases to a plateau as the

0 0.025

o2p1 presented in Figure 6B.
Stabilization of Purifiedalfl and a281 by FXYDL1.
Incubation of the porcine1$1 complex with human FXYD1

DOPS concentration was increased up to 0.05 mg/mL and
above 42, 43). Strikingly, however, thealfl/FXYD1
complex was largely active even without added DOPS, and

(phospholemman) allows spontaneous reconstitution of theadded DOPS increased the rate by 20% at the most (see

al1p1/FXYD1 complex, which can then be used for func-
tional characterizatiordg). The experiments in Figures-80

Discussion for a likely explanation).
Oligomeric Structure of Purified151 and o251 Com-

present evidence for reconstitution and strong protection by plexes A possible explanation of the differences in stability

FXYD1 against thermal inactivation of botil51 anda251
complexes, and some insight into the mechanism.

The immunoblot in Figure 8 shows that human FXYD1
associates spontaneoustyvitro with eitheralf1 or a251,
bound to the BD-Talon beads, thus reconstitutingatg1/

of theal anda2 isoforms, and stabilizing effects of FXYD1,

is that the oligomeric structures differ. In principle, higher
order oligomers could confer stability. In order to test this
possibility, the detergent-soluble complexes have been
analyzed by size-exclusion chromatography (Figure 11). The

FXYD1 anda231/FXYD1 complexes. Increasing the amount p| ¢ protein profiles of the elutedxl31 and o281

of FXYD1 added to the beads did not increase the amount

of FXYD1 eluted with thealfl and a251 complexes,

complexes are essentially identiéalhe major peak of both
alp81 anda2B1 complexes in these conditions is thg

suggesting that the FXYD1 associates stoichometrically with protomer, together with a significant shoulder corresponding

bothol ando2 isoforms. A large fraction of FXYD1 added

to a mixture of higher order oligomers. The immunoblot in

to the beads remained unbound, consistent with the assump-

tion that the FXYD1 was present in molar excess (not
shown). In Figure 8, it can also be seen that there is also an

approximate proportionality between the amountodf or

2 In the current experiments, a PS was not added to the HPLC running
buffers because our previous work showed that the porcl#d eluted
at the same position when a low concentration of DOPS was added to

a2 subunit and amounts of associated FXYDL1, detected with the elution buffer containing DDM4Q).
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>y off  Detergent renal and recombinant Na,K-ATPas#(53), the fact that
o “{f%lmg oo [OROMEr pyoelles™ AT the environment of intact yeast membranes strongly stabilizes
. ' \ 1 s both a1l anda?2 (Figure 2) suggests that the native phos-
4 &“ §iy {1 pholipids play an important roleP. pastorismembranes
A N 4o contain high concentrations of PS (mainly DOPS) (G. Daum,
Oligomers /_'J l. University of Vien_nf_;l, pgrsonal communication) and, in the
ha2, | a0 absence of a delipidating agent such as a detergent, both

isoforms should associate with the native PS in the intact

o r

X J..-*"/._hal \... J

membrane and be protected against thermal inactivation.
Aggregates 20
|

|
\ Nevertheless, the relative instability @, compared totl
(seen at 45C in Figure 2), may still reflect a difference in
N f ‘10 interaction with the native PS. In addition, since yeast
membranes contain ergosterol rather than cholesterol, which
is the major sterol of mammalian membranes, and ergosterol
is a poor stabilizer ofa2 (unpublished), the lack of

Ficure 11: Size-exclusion HPLC of131 anda251 complexes. ; ; ; aH
50100 4g of 0151 anda2B1 complexes prepared with 0.1 mg/ cholesterol may also contribute to the difference in stability

mL CpEs 0.05 mg/mL SOPS, 0.01 mg/mL cholesterol were ©f &1 .qndqz .
injected onto the HPLC column. Fractions were collected at the  Purification of thea131 anda231 Complexes. Functional

elution volumes corresponding to thes peak or preceding  Properties and Oligomeric Structurdhe relatively high
shoulder, and aliquots were loaded on gels for Western blot analysis.eypression level of the:2 isoform has allowed purification
using anti KETTY antibodies (inset). of the humana2 porcinef1 to about 80%, approximately
the same degree as we have reported recently for either
orcineal1 or humaml porcinefl (43). Stabilization of
he purified 0281 complexes with SOPS/cholesterol has
&rovided a preparation, of which the kinetic properties and
inhibitor sensitivity can be compared with those afj1.
The differences in kinetic properties of ths1 andol151
include a somewhat lowéfn. and higheiKq 5K for a2, but
no significant difference foKqsNa andK,ATP (Table 1).
The lower Vyax for a2 was not unexpected because the
turnover number ofi241 in the membrane-bound form (2965
min~!, average of two experiments) was also found to be
DISCUSSION lower than fora151 (range 42267200 'mirrl).3 In Xenopus
oocytes a lower turnover rate and high&p sK were also
Expression of the Humam2 Isoform.Optimal expression  gbserved for2 compared tax1 and a slightly higheKo s-
of the humanu2 isoform required reduction of the temper- Na (38). For the human isoforms expressedSincereisiae

e

5 6 7 8 9 ¥ 11 R Bal 0
Klution volume

the inset shows that theesubunit is found in both the major
peak and the shoulder. The assignment of the major peak a
the a5 protomer was made previously, based on apparent
mass measurement estimated from standard proteins an
detergent binding datat®, 43). Other experiments showed
also that FXYD1 does not affect the HPLC profiles (not
shown). Thus, the clear conclusion is that neither the
difference in stability ofal anda2 nor stabilization ofxl
ando2 by FXYDL1 can be attributed to different oligomeric
structures.

ature of the methanol induction phase to"20 By contrast,  ligand binding affinities were compared from effects on
ol is not as sensitive to temperature and is expressedouabain binding 9). Although the values are not strictly
optimally at 25°C (41). The necessity of growth of. comparable to values obtained from ligand-dependence of

pastorisexpressingr2 at 20°C fits well with the observa-  Na,K-ATPase activity, these studies also showed a signifi-
tions thata2 expressed irS. cereisiae is quite unstable,  cantly higherKosK, a somewhat higheKysNa and no
compared taxl anda3 isoforms, and is expressed at much difference inK,ATP, for a2 compared tax1.
lower levels ¢.1, 7.4;,02, 0.8;03, 5.6 pmol/mg protein)39). Inhibition of Na,K-ATPase activity ofx181 and a281
Optimal expression o2 at 20°C in theP. pastoris(15.3  ¢omplexes by ouabain confirms that both isoforms have a
pmol ouabain bound/mg protein) was almost 20-fold higher nhigh affinity for the inhibitor, and show a slight selectivity
than that described previously 8t cereisiae (0.8 ouabain  of guabain foral (Table 1). A faster rate of equilibration
bound pmol/mg) §9). with a2 can also be inferred from the fact that inhibition

A likely explanation of temperature sensitivity of expres- pecomes constant at shorter reaction times at°G7
sion ofa2 is that, during synthesis, trafficking, or membrane- compared to inhibition ofx1, as described in the Results.
insertion above 20C, o2 is destabilized and unfolded, These features are consistent with ouabain binding to the
relative toal, and is susceptible to complete proteolytic jsoforms expressed Kenopus oocytg88) andS. cereisiae
degradation. Destabilization of2 could result from subop- (39). In Xenopus oocytesdn particular, much faster rates of
timal interactions with phospholipids in the endoplasmic ouabain binding and dissociation were observed d@r
reticulum or trafficking vesicles. In principle, temperature compared tool (38). In summary, the similarities and
sensitivity of expression might also result from instability
and degradation of the mature membrane-inserted protein,

. . 31t could be asked whether properties of humanporcine
although the experiment of Figure 2 shows that the membrane-.,mjexes are identical to all human or all porcigecomplexes. We

boundol anda2 isoforms are both remarkably stable (Figure have shown that the Na,K-ATPase activities of purified hunsdn
2A). Nevertheless, at an elevated temperature of@%n porcine f1 and all porcinealfl complexes are not significantly

intrinain i ; i different @3). Also, we have recently expressed all hunoéfl in P.
intrinsic difference in stability ob2 versusul was revealed pastoris A Na,K-ATPase turnover number in membranes of 2409 in

(Figure 2B). Since specific interactions with phosphatidyl has heen measured, i.e., a value quite similar to that observed with
serine/cholesterol are crucial for stabilization of both native humana?2 porcinepl (E. Dinitz and S.J.D.K., unpublished).
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differences between kinetic properties, and inhibition by

ouabain, detected for the purified detergent-solatl/él and

o231 complexes are quite similar to those observed for the

membrane-boundl anda?2 isoforms expressed Xenopus

oocytesandS. cereisiae ,
The oligomeric structure of thel31 anda251 complexes 4 A

in Ci2Eg is heterogeneous, but consists largely of & ‘ ‘

protomer, and there is no significant difference between the

isoforms. Our recent work shows that the proportion of

higher @151), oligomers can be increased by concentrating

the protein, but the oligomers are unspecific as they are easily

dissociated t@3 protomers by low concentrations of DDM, A

or by dilution. The Na,K-ATPase activity is the same in

Ci2Es and DDM, and the oligomeric state does not confer

stability, i.e., oligomers play no specific role in function or

stability @3). In previous studies it was observed that thermal

inactivation of renal Na,K-ATPase activity in the non-ionic

detergent is associated with aggregation of the protdh (

The work with the detergent-soluble renal and recombinant

Na,K-ATPase shows that instability is caused primarily by

detergent-mediated delipidation of the protein, and is prob-

ably associated with disruption of/f subunit interactions

(42, 43). As shown by HPLC in the absence of added PS,

inactivation occurs without a change in the aggregation state

(42, 53). Thus, inactivation may be followed by protein

aggregation over time. In summary, the current experiments

show clearly that (a) the minimal functional unit of th&,

like the a1, isoform is theas protomer, (b) oligomers play / {

no specific role in function or stability af2 in the detergent- AT

soluble state, although a role in the membrane-bound state PS/cholesterol?

is not excluded, as discussed previously in relatiomto  FIGURE 12: Homology model showing residues uniquex The

; ; i homology model of the porcinel subunit is based on the SERCA
(42, 43) and (c) the large difference in stability betweh molecular structure (1VFP.pdb) se&?). Residues (in blue) shown

anda2, without or with FXYD1, cannot be explained by @ i, \g M9 and M10 are V919, F954, and P980 respectively. Other
differences in the oligomeric structure. residues shown (in blue) include T116 in L1/2 and twenty residues
The Origin of Instability ofx2. Stabilization by Lipids and  mostly in the N domain. The model was drawn with PYMOL.
FXYD1.By far the most striking difference in properties of - 5,443 and a finding thati2 is uniquely unstable, compared
theal anda2 isoforms yet observed is the thermal instability 15 hotha1 anda3. which show similar stabilitiess). There
of thea2f1 complex. This difference in stability fl and 56 yyenty-eight residues 2, which are not found in either
a2 is detected in whole cells (Figure 1), in intact membranes 1 or o3, When mapped onto a model afl (Figure 12)
(Figure 2B), and in the detergent-soluble purified complexes {nese residues are seen to be located primarily to two
(Figures 4-7), even though the absolute stability varies yegionst First, most of the residues are in the N domain,
greatly in the different conditions. Based on our observations anq are unlikely to be involved in lipidprotein interactions.
on stabilization of the purified recombinani1 complex, Second, there are only three residues uniquetin trans-
phosphatidyl serine and cholesterol were proposed to interacty,omprane segments, namely in MBLEVO19: a2 A920)
specifically with the protein and each other, neardh@nd g (o1-F954:.2-1955) and M10 ¢1-P980:02-V981), and
f8 subunit interface, and protect it against detergent-mediatedy e residue in the extracellular loop L2 near Ml,(xl-
delipidation and th_ermal |nact|vatlov4:§, 43). N . T116; 02 =M118). M118 in L1-2 is known to play an
The results of this study show that instability@2f1 is  jmportant role in ouabain binding and the high rates of
attributable to suboptimal phospholipigrotein interactions. 4 ;3pain binding and dissociation @? (38, 55), and so it is
Indirect e\(ldence for this conclgslon is that the purifiezb1 probably not involved in lipig-protein interactions. By
complex is much more sensitive to detergent thaifl —  conirast, the residues in M8, M9 and M10 mappedxh
(Figure 4), and it is specifically stabilized by cholesterol at 4 of great interest. Based on cryoelectron microscopy of
0°C, whereast151 is stable at OC even without cholesterol  ona) Na,K-ATPase, the trans-membrane segment of the beta
(Figure 5). As we have discussed recendg)( the detergent g hynit (MB) has been located within the groove between
inactivates by displacing bound PS, and the cholesterol \ g M9 and M10 66, 57), and cross-linking evidence also
stabilizes the interaction of the bound PS with the protein. psitions it near M8, 58, 59), although a position between
Direct evidence for a difference in SOPfrotein interaction  \17 and M10 is also possibles(). Thus, the fact that the

was obtained in the experiment (Figure 7) showing that much threea2-specific residues are located in M8, M9 and M10
higher concentrations of SOPS are required to prodect

agalnsf[ t.her.m"’?' Ina'lctlvatlon comparedqtd). . - 4 Four of the 28 unique2 residues cannot be mapped because they
A striking insight into the possible origins of-instability are located in the cytoplasmic N-terminus, which is not present in the
can be obtained from sequence comparisons2oWwith ol homology model.

.-
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supports the proposal that the PS (head group and fatty acyl67). Other recent work has demonstrated differential local-
chains) interact near theS subunit interface boundary, ization of al and a2 isoforms in cardiac T-tubules and
mediating the subunit interactions and stabilizing the protein surface sarcolemma membranes, respectively, and assigns a
(43). In the case of1241, the interactions of the PS could more prominent role forx2 in Ca signaling 31, 32). A
be less optimal leading to suboptings subunit interactions  second possibility of interest is that th@-specific residues
and destabilization of the protein. Since the PS head groupmapped to the trans-membrane segments M8, M9, and M10
normally faces the cytoplasmic leaflet of the bilayéd)( are normally involved in interactions with the lipid environ-
these residues might interact primarily with the fatty acyl ment. The stabilizing effect of cholesterol a2, observed
chains of the PS. In any event, it will be necessary to test in this study could be indicative of a similar stabilizing role
the hypothesis experimentally. One could expect that muta-in vivo. In addition, there is now quite substantial evidence
tion of these residues ia2 to those inol would stabilize for localization of the Na,K-ATPase in isolated caveolae from
the protein. cardiac mycocytes and epithelial cells, and association with
Another significant prediction of the model in Figure 12 caveolin, respectivelyd8—70). Caveolae are specific forms
is that other trans-membrane segments are not involved inof cholesterol- and sphingolipid-rich lipid raft3%), and it
the different stability ofal anda?2. In this context, it is of has been reported that depletion of cholesterol depletes the
interest that the trans-membrane segments of FXYD proteinscaveolar Na,K-ATPase50). Thus, the effect of cholesterol
have been located in the groove between M2, M6 and M9, on a2 might also mimic a specific interaction of cholesterol,
adjacent to but distinct from the proposed location of bound which affects association @f2 with lipid microdomains and
PS @6, 56, 57, 62, 63). Based on the model, one would not its stability.
predict differential stabilization oftl anda2 by FXYD1, Detailed functional effects of FXYD1 on Na,K-ATPase
consistent with the findings in Figure 9. Proximity of bound activity of the purified isoforms, including effects of phos-
FXYD1 and phospholipids might also explain simply the phorylation at Ser68, will be described in a separate paper.
result in Figure 10. Preservation of Na,K-ATPase activity The observations that FXYD1 spontaneously associates with
of thea131/FXYD1 complex without addition of exogenous the o/ complexes (Figure 8) and strongly protects against
PS implies either that FXYDL1 replaces the added PS or thatthermal inactivation (Figure 9) provide evidence for specific
the FXYDL1 stabilizes the interaction of the endogenBus interactions with both humanml anda?2 isoforms. Do they
pastorisPS with the protein. However, the first assumption have physiological significance? The result is consistent with
does not fit with evidence for simultaneous binding of some previous findings but not with others. For example,
FXYD1 and phosphatidyl serine, such as that in Figure 9, when expressed iKenopus oocytdsXYD1 affects kinetics
showing that the presence of either less (DOPS) or moreof Na,K-pump currents of botlkl anda?2 isoforms 47),
(SOPS/cholesterol) strongly stabilizing lipids does not pre- but in guinea pig ventricular myocytes it appears that
clude additional stabilization by FXYD1. In addition, does not interact functionally with FXYD13(). As judged
detergent-soluble renal Na,K-ATPase, which includes bound by co-immunoprecipitation, FXYD1 interacts physically with

FXYD2, is known to be stabilized by added P=3), Also, bothal anda?2 in native bovine sarcolemma vesiclés),
very recent work shows that interactions of PLMS with the albeit more weakly witha2, but interacts only withnl in
shark Na,K-ATPase are affected by anionic lipi@d)( Thus, guinea pig myocyte membrane80f. Different cellular

it is more likely that FXYD1 stabilizes by interacting with  locations ofal, o2 and FXYD1 might account for lack of
bound PS. Since the trans-membrane segment of FXYDL1linteractions of FXYD1 witha2 in myocytes, but the
lies close to M9, positively charged residues at the membrane discrepancies could also reflect species differences. Observa-
water interface (e.g. RRCRCK) or in a short cytoplasmic tions in FXYD1 knock-out mice are of interest in the present
helix FRSSIRRLS, se&), could interact with the negative  context 72). The FXYD1-deficient heart showed hypertro-
charge of the phosphate of PS. phy, and decreased Na,K-ATPase activity of the cardiac
Physiological ImplicationsAlthough the objective of this ~ sarcolemma, due partly to a lower turnover rate and partly
study has been to purify and stabilize 2 isoform, the to lowered expression afl ando2. o2 has been reported
results raise interesting questions related to the physiologicalto be down-regulated in various forms of hypertropf, (
roles of a2 and effects of FXYD1. For example, the- 73—75), and one possibility is that reduced expression is
specific residues mapped to the cytoplasmic domains in secondary to some hypertrophy program and not due to the
Figure 12 (N domain and N-terminus) are located in ideal absence of FXYD1. However, it is also possible that the
positions for interactions with the cytoskeletal proteins, such absence of FXYD1 destabilizes bothl and a2, but
as ankyrin. For brain astrocytes and arterial myocytes, thereespecially the intrinsically unstablg2, and thus makes it
is histochemical evidence for colocalization of cytoskeleton more susceptible to cellular degradation.
with the a2 isoform and other Ca transporting proteins in ~ Another relevant finding is that the renal Na,K-ATPase
microdomains overlying the ER%—29, 35) and more direct ~ from FXYD2-deficient mice is thermally labile, suggesting
evidence in brain tissues for interactions betweén(but that FXYD2 stabilizes the proteim{1) (76). The evidence
not al), with NCX1, with ER proteins such as SERCA2 for protection against thermal inactivation of Na,K-ATPase
and the IP3 receptor, and ankyrir@g]. It is proposed that by both FXYD1, in this work, and FXYD2 suggests that
the macromolecular complexes are particularly efficient in stabilization could be a common feature of interactions of
Ca signaling. In cardiac myocytes, bath anda2 isoforms FXYD proteins with the pump in physiological conditions,
have been located within T-tubules, in a macromolecular in addition to modulation of the transport kinetics.
complex with NCX1, IP3 receptor, mediated by ankyrin-B, Perspectie. The purified, functional and stable251
and an important role in cardiac Ca signaling of both complexes are available in relatively large quantities{@.1
isoforms in the macromolecular complex has been proposedmg) and are suitable for detailed biochemical and biophysical
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studies. The preparation might also be very useful in high 16
throughput screens and development of nef+specific
inhibitors. Cardiac glycosides are dangerous drugs caid
selective inhibitors could have the beneficial positive ino-
tropic but reduced toxic effects. With further stabilization
of the 281 complex, structural work might also become
feasible.

In a more general context, it has been pointed out that of 18
the few recombinant integral membrane proteins, which have
been crystallized, several have been expressed in yeast,
including Ca-ATPase?(7), and in each case extensive prior
optimization of expression, purification and stabilization have
been essential’@). The present work shows that it cannot
be assumed that precisely the same conditions will be
appropriate for purification of different isoforms of mem-
brane proteins. Rather, optimization of expression, purifica-
tion and stabilization of each similar but nonidentical protein
species is an important task in itself.
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